cellular peptidases may be concerned in the normal digestion of gluten. It has therefore been suggested (Frazer, 1956 ) that coeliac disease could be due to an inborn error of metabolism in which there is deficiency of a specific peptidase normally present in intestinal mucosa. A deficiency of this nature could result in the intracellular accumulation of peptides, derived from gluten, and it is possible that these peptides could directly damage the intestinal epithelial cell.
Investigation of this hypothesis has been hampered by lack of knowledge of the exact nature of the toxic fraction. Krainick & Mohn (1959) have shown that the toxic peptides in a peptictryptic digest of gliadin have a molecular weight of less than 1000 and that they are rich in proline and glutamine. We have developed a method for assaying the activity of the peptidases concerned in the further hydrolysis of a peptic-tryptic digest of gluten. Using this method we have measured this activity in normal human jejunal mucosa and in mucosa from patients with adult coeliac disease. Our results do not support the hypothesis that in coeliac disease there is a primary deficiency of an enzyme concerned with the normal digestion of gluten.
M A T E R I A L S A N D M E T H O D S

Subjects studied
Twenty-six patients with untreated adult coeliac disease whose jejunal biopsies showed subtotal villous atrophy were studied. The criteria for initial diagnosis were malabsorption of at least two nutrients, a low serum folate level and the presence of a flat jejunal mucosa. Nine of these patients were studied again after treatment with a gluten-free diet, when there had been a satisfactory clinical response and improvement of intestinal absorptive function. The intestinal mucosa in these patients showed a reduction in the inflammatory cell infiltrate from that in the pre-treatment biopsy and the epithelial cells appeared normal with the reappearance of stubby villi. Nine other patients with adult coeliac disease who had been on a strict gluten-free diet for 1 year or more and in whom the intestinal mucosa was histologically normal were also studied.
Thirty-two histologically normal specimens of intestinal mucosa were obtained from volunteer control subjects without malabsorptive disease and were studied for comparison.
Preparation of peptic-tryptic digest of gluten (PTD)
Wheat gluten (Energen Food Co. Ltd) was digested by pepsin and subsequently by trypsin according to the method of Frazer et al. (1959) and the pH of the final solution was adjusted by pH 6.5. After centrifugation to remove precipitated material, the supernatant was stored at -25" until used. This solution contained 700 pmole of nitrogen/ml as determined by the Kjehldahl method.
One ml of the peptic-tryptic digest of gluten (PTD solution) was analysed for free amino acids (Table 1) . There were negligible quantities of free amino acid and in particular no detectable free proline or glutamic acid was present. A further 0.1 ml of the PTD solution was subjected to acid hydrolysis with 6 N hydrochloric acid for 24 hr at 105". The results of subsequent amino acid analysis are also shown in Table 1 . The solution now contained large quantities of proline and glutamic acid and the proportions of the different constituent amino acids were similar to those present in gluten (Wu & Dimler, 1963; Douglas & Booth, 1969) .
Preparation of intestinal mucosa
Jejunal mucosa was obtained from the subjects using a Crosby capsule positioned with fluoroscopic control in the first loop ofjejunum beyond the ligament of Treitz. A small portion of the specimen was used for histological examination and the remainder was snap frozen in liquid nitrogen and stored at -25" until processed. Further procedures were carried out within 1 week. The preparative procedures were carried out at 4". Each biopsy specimen was weighed and homogenized in a glass homogenizer with a measured volume of distilled water. The homogenates contained between 25 and 50 mg of mucosa/ml. 
Protein measurement
using crystalline bovine albumin (Armour) for preparation of the standard curve.
The protein content of the homogenates was measured by the method of Lowry et al. (1951) 
Mucosal digestion of gluten peptides
The optimal incubation time and pH were determined by preliminary experiments using guinea-pig intestinal mucosa. Guinea-pigs (200-300 g) were killed by a blow on the head, the small bowel was immediately removed and washed through with 0.15 M sodium chloride, and the bowel was then everted using a metal rod. The everted intestine was scraped lightly with a glass microscope slide and the mucosa thus obtained weighed and then homogenized in a glass homogenizer with distilled water. These homogenates like those of the jejunal biopsy specimens contained between 25 and 50 mg of mucosa/ml.
Equal volumes of mucosal homogenate and PTD solution were mixed in small tubes and B incubated at 37" with shaking. No metal ion activators were added. The pH of the mixture was 6.8 and this did not alter during incubation. Hydrolysis was stopped by immersing the reaction mixture in boiling water for 5 min and after cooling the mixture was centrifuged. The supernatant was deproteinized by ultrafiltration through cellophane thimbles using centrifugal force (Stekelenburg & Desplanque, 1966 to liberate large quantities of amino acid from the peptides. The rate of liberation of all amino acids studied was linear for at least 60 min incubation using protein concentrations between 4 and 8 mg/ml. Protein concentrations above and below these limits were not studied, but in all the experiments using human intestinal mucosa protein concentrations were within this range. Thus in the conditions used in these experiments first-order kinetics were operating. The effect of pH on the reaction was determined using a series of tubes with phosphate buffers ranging between pH 3.5 and 8.0 and incubated for 60 min. Illustrative results are shown in Fig. 1 . Similar results were obtained for all the other amino acids studied. The pH optimum for amino acid release appeared to be between 6.5 and 7.0. Finally, in order to determine the contribution of the mucosa itself to the amino acids measured after incubation, a mucosal homogenate was incubated at 37" without added FTD solution. The results are shown in Table 2 ; there was no significant difference between zero and 60 min incubation.
A series of similar experiments were carried out using a specimen of normal human jejunal mucosa obtained during a gastroenterostomy operation. The results obtained with this specimen were closely similar to those using guinea-pig mucosa. On the basis of these experiments the studies with human intestinal mucosa were carried out using a 60 min incubation period at pH 6.8.
Amino acid analysis
Amino acids were measured by ion-exchange chromatography using an automatic analyser (Technicon Instruments Co.) based on the method of Hamilton (1963) . The identity of each peak was checked by collecting eluates from the column with a fraction collector, desalting through a Dowex 50 x 4 resin column (Thompson, Morris & Geering, 1959) and rechromatographing on Silica Gel G thin layer plates. Bidirectional chromatography was carried out using first chloroform/methanol/l7% (w/v) ammonium hydroxide (2 : 2 : 1) and then phenol/ water (75:25 w/w). It was shown that each peak (with the exception of the 'serine' peak) yielded a single spot which had the Rf values of the appropriate amino acid. The 'serine' peak included a peak due to glutamine. No attempt was made to determine the proportion of these two compounds. Samples of post-incubation material to which norleucine had not been added before deproteinization were also chromatographed and no peak was then observed in the norleucine position.
Peptide 'finger-print ' maps
The pattern of the peptides remaining after mucosal digestion of the FTD solution was determined by a combination of paper chromatography and high voltage electrophoresis (Katz, Dreyer & Anfinsen, 1959) . Approximately 200 p1 of the post-digestion mixture remaining within the cellophane thimble after ultrafiltration were placed in one corner of a 47 x 54 cm sheet of Whatman 3MM paper. Initial chromatography was carried out for 14 hr in the shorter axis of the paper with n-butanol/acetic acid/water (12: 3:5). After drying at room temperature high voltage electrophoresis was carried out in the long axis of the paper. Electrophoresis was for 30 min in either pH 1.8 buffer (6.8% formic acid) using 80 V/cm or pH 3.7 buffer (pyridine/ acetic acid/water, 1 : 10:289) using 160 V/cm. After drying in an oven for 10 min at 100" the paper was allowed to cool and the peptides were located with cadmium-ninhydrin solution (Heilman, Barollier & Watzke, 1957) . After dipping, the papers were developed for 24 hr in the dark at room temperatures. Large peptides, which stain poorly with ninhydrin, were located as the chlorine derivatives on duplicate papers with starch and potassium iodide (Roberts, 1966) .
Statistical analysis
dent's t test: P was determined using a two-tail test of the t distribution.
Where appropriate the significance of the difference between means was calculated by Stu-
R E S U L T S
Amino acid release Control subjects. The jejunal mucosa from the control subjects liberated appreciable quantities of amino acid from the PTD solution (Table 3 ). The distribution of results was noted to follow a skewed distribution which could be transformed into a symmetrical distribution using logarithms. Because of the log-normal distribution subsequent statistical analysis used the logarithms of the amount of amino acid in pmoles released/mg protein.
Adult coeliac disease. The geometric mean values for the amounts of amino acids released from the PTD solution by the jejunal mucosa from the twenty-six patients with untreated adult coeliac disease are shown in Table 4 together with the geometric mean values from the control subjects. Illustrative examples showing the individual results for proline, glutamic acid, serine glycine, alanine and leucine are shown in Fig. 2 in comparison with individual results for the release of these amino acids by intestinal mucosa from control subjects. For all amino acids there was a marked reduction in the quantity released from the PTD solution and the differences between the control and untreated coeliac groups were statistically highly significant (Table 4) .
Eflect of treatment with a gluten-free diet. The amino acids released by the intestinal mucosa of patients with coeliac disease after treatment with a gluten-free diet were markedly increased. The geometric mean values of the amounts of the different amino acids released from the PTD solution by the jejunal mucosa from eighteen patients on a gluten-free diet (in nine of whom the mucosa was macroscopically and histologically normal) are shown in Table 5 . Illustrative examples are also given in Fig. 2 together with the results from control subjects and untreated coeliac disease. The release of every amino acid by treated coeliac mucosa was similar to that found in the control subjects and there were no statistically significant differences between these two groups. Analysis of the two groups of treated adult coeliac disease revealed no differences (Fig. 2) . The overlap of results between untreated coeliac disease and the other two groups which can be seen in Fig. 2 raises the possibility that the less active specimens in the treated coeliac group might be from a different population than the more active specimens, and that no difference in activity had been produced by treatment. In nine individual patients the release of amino acids from the PTD solution by mucosa was measured both before and after treatment. Illustrative examples are shown in Fig. 3 . An increase in the amount of amino acid released was found in every patient and for amino acid in the post-treatment specimen compared with that obtained before treatment. In addition four patients agreed to have serial jejunal biopsies during successful treatment with a gluten-free diet. The alterations in the amounts of proline and glutamic acid released are shown in Fig. 4 . The amount of these amino acids released from the PTD solution increased rapidly, often within 4 weeks of starting treatment with a gluten-free diet.
Peptide 'finger-print ' maps
Although the jejunal mucosa from subjects with adult coeliac disease is capable of liberating amino acids from the PTD solution, and there is no difference in respect of this ability between mucosa from treated coeliac patients and control subjects, the possibility remains that some of the peptides in the PTD solution may be unaffected by the coeliac mucosa but normally digested by mucosa from control subjects. Such peptides might be the toxic principle of gluten.
In order to determine whether there was any difference in the residual peptides following digestion by coeliac or control mucosa, peptide 'finger-print' maps were prepared of the postdigestion material from twelve control subjects, eleven subjects with untreated adult coeliac disease and eight treated coeliac subjects. Two maps were prepared from each sample one at pH 1.8 and the other at pH 3.7. Examples of the patterns of ninhydrin and starch-iodide positive spots observed in each group are shown in Figs adult coeliac disease whether untreated or treated, or when compared with the control group. Because the peptide maps were made from the digest material which had not been ultrafiltered during 60 min centrifugation it is possible that small peptides may have been lost through the cellophane membranes. Such peptides would, however, have been detectable during ion-exchange chromatography and in fact no consistent extraneous peaks were observed. Furthermore, no ninhydrin positive material, other than the appropriate amino acid, was observed in the positions ascribed to each amino acid. In all samples studied a spot was observed which stained yellow with ninhydrin and coincided in position and colour with that of proline. 
D I S C U S S I O N
Present work shows that enzymatic digestion of gluten peptides by jejunal mucosa is impaired in untreated adult coeliac disease but returns toward normal when the disease has been successfully treated with a gluten-free diet. Previous workers have assessed the enzyme activity of jejunal mucosal from patients with coeliac disease. The ability to hydrolyse several different di-peptides and tri-peptides was investigated by Messer, Anderson 8c Townley (1961) and by Lindberg, Norden & Josefsson (1968) . These workers noted that in untreated coeliac disease the peptidase activity was reduced and in the few patients who were on a gluten-free diet this activity appeared to have returned to normal. Douglas & Peters (1970) have demonstrated that glycyl-glycine and leucyl-leucine activity is reduced in untreated coeliac mucosa, but that there is no significant difference from the normal in treated coeliac disease. Pittman & Pollitt (1966) in a qualitative study using high voltage electrophoresis on paper, were unable to detect the release of proline from a peptiotryptic digest of gliadin by jejunal mucosal homogenates from three untreated patients, but Crabbe (1964) in similar experiments demonstrated proline release from a peptio tryptic digest of gluten by coeliac mucosa. In untreated coeliac disease proline release was less than normal and the amount released increased after treatment with a gluten-free diet although it was still less than normal.
The return of a previously impaired mucosal enzyme system to normal with treatment of coeliac disease is good evidence that the observed deficiency was merely secondary to the mucosal damage. This has been shown for mucosal glutaminase activity (Gelfand, Spiro & Herskovic, 1968) , for disaccharidase activity (Plotkin & Isselbacher, 1964; Weser & Sleisenger, 1965) and for a variety of histochemically determined mucosal enzymes (Spiro el Samloff, Davis & Schenk, 1965; Riecken et al., 1966) . The investigations we report were designed to establish whether the impairment of jejunal mucosal digestion of gluten peptides in coeliac disease was a primary or secondary defect, by studying patients in whom treatment with a gluten-free diet had returned the jejunal mucosa to histological normality. The improvement in the treated patients, even before histological normality is achieved, is consistent with the concept that the defect is secondary. The lack of differences in the pattern of peptides remaining after digestion of the gluten peptides by mucosa from adult coeliac patients or control subjects is further evidence of the quantitative rather than qualitative nature of the deficiencies in those enzymes which are concerned with gluten digestion. The variability of the reduction in amino acid releasing ability in untreated coeliac disease is also more readily explained as a secondary phenomenon.
We have chosen to express our results in terms of mg of protein in the mucosal homogenates. The use of wet weight of mucosa as an index was rejected because the possible presence of oedema in jejunal mucosa from patients with untreated coeliac disease would tend to exaggerate any difference present. Ideally the reference index should be the numbers of intestinal absorbing cells in the biopsy specimen since our measurements of tissue protein include a contribution from the non-absorbing cells of the lamina propria. However, the use of jejunal mucosa from treated patients, in which there was no appreciable increase from normal in the cell population of the lamina propria, demonstrates that our conclusion of normal ability to release amino acids from gluten peptides in such mucosa is valid.
Because we have used mucosal homogenates the possibility remains that in coeliac disease there is an inability to transport one or more gluten peptides into the cell for further hydrolysis to occur. Such a hypothesis would envisage passive diffusion of peptides into the cell where they would not be digested because of their presentation to the enzyme system in an inappropriate fashion. We have, however, previously, presented evidence, based on the alterations in plasma free amino acids after gluten feeding in coeliac disease, which does not support any suggestion of impaired gluten digestion in coeliac disease (Douglas & Booth, 1969) .
The major alternative hypothesis to congenital enzyme deficiency which has been advanced to explain the aetiology of coeliac disease is that an immunological reaction is concerned.
Further studies will be necessary to decide whether the various immunological disturbances described are of primary importance or are, like the mucosal enzyme deficiencies, merely secondary features.
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